The regulatory mechanisms of glycosyltransferase activity are still poorly understood. Results: ENPP3 was identified as an inhibitory factor for N-acetylglucosaminyltransferase GnT-IX (GnT-Vb) in Neuro2a cells. The underlying basis for this inhibition is the ENPP3-catalyzed hydrolysis of the nucleotide-sugar donor substrate. Conclusion: ENPP3 is a regulator of glycosyltransferase activity. Significance: A novel regulatory system for cellular glycosylation process is proposed.
SUMMARY
Our previous studies on a β1,6-N-acetylglucosaminyltransferase, GnT-IX (GnT-Vb), a homolog of GnT-V, indicated that the enzyme has a broad GlcNAc-transfer activity toward N-linked and O-mannosyl glycan core structures and its brain-specific gene expression is regulated by epigenetic histone modifications. In this study, we demonstrate the existence of an endogenous inhibitory factor for GnT-IX that functions as a key regulator for GnT-IX enzymatic activity in Neuro2a (N2a) cells. We purified this factor from N2a cells and found that it is identical to ectonucleotide pyrophosphatase/phosphodiesterase 3 (ENPP3) as evidenced by mass spectrometry and on the knocking down and overexpression of ENPP3 in cultured cells. Kinetic analyses revealed that the mechanism responsible for the inhibition of GnT-IX caused by ENPP3 is the ENPP3-mediated hydrolysis of the nucleotide-sugar donor substrate, UDP-GlcNAc, with the resulting generation of UMP, a potent and competitive inhibitor of GnT-IX. Indeed, ENPP3-knockdown cells had significantly increased levels of intracellular nucleotide sugars and displayed changes in the total cellular glycosylation profile. In addition to chaperones or other known regulators of glycosyltransferases, the ENPP3-mediated hydrolysis of nucleotide sugars would have widespread and significant impacts on glycosyltransferase activities and would be responsible for altering the total cellular glycosylation profile and modulating cellular functions.
Protein glycosylation is the most frequent post-translational modification in mammals (1) . Glycans are structurally highly diverse and widely distributed on cell surfaces and in the extracellular and intracellular spaces where they play important roles in various cellular processes such as cell adhesion, molecular trafficking and clearance, receptor function, and signal transduction (2) (3) (4) (5) . A series of glycosyltransferases (6, 7) that reside in the ER, Golgi apparatus, nucleus, and cytoplasm are principally involved in the construction of glycans and play a role in generating the structurally diverse glycans that are found in nature. Such structural diversity is regulated by various factors encompassing the cell-type-specific expression of glycosyltransferases, the availability of acceptor and nucleotide-sugar donor substrates, and competition between glycosyltransferases for common acceptor substrates (2, 3, 8, 9) . Additionally, several unique mechanisms for dictating the structural diversity of glycans are gradually being revealed. Some glycosyltransferases are regulated by the formation of heterocomplexes with other glycosyltransferases or by proteolytic cleavage for full or accelerated activities (10) (11) (12) (13) (14) . Several other glycosyltransferases are known to be under the control of unique regulatory proteins that modulate protein folding, enzymatic activity, and functional localization in the intra-Golgi subcompartment (15) (16) (17) (18) . Furthermore, it has been speculated that several nucleoside diphosphatases or phosphodiesterases are implicated in the cellular glycosylation process because of their hydrolytic activities toward nucleotide sugars and their metabolites (19) (20) (21) (22) (23) . Although the mechanisms for regulating the cellular glycosylation process are quite complicated, in order to understand the biosynthesis and functions of glycans, it will be necessary to develop a better understanding of specifically how each glycosyltransferase activity is regulated at the cellular level.
Previously, we and Pierce's group independently succeeded in cloning a brain-specific N-acetylglucosaminyltransferase GnT-IX 9 (also designated as GnT-Vb), a closely related homolog of GnT-V (24, 25) . The acceptor substrate specificity of this enzyme is broader than that for GnT-V and catalyzes the transfer of a GlcNAc residue in a β1,6-linkage from UDP-GlcNAc to α-mannose residues in both N-linked and O-mannosyl glycan core structures (26) . Recent reports on the functional characteristics of GnT-IX suggest that the enzyme acts almost exclusively on the O-mannosyl glycan as an acceptor substrate in vivo that results in the formation of a brain-specific β1,6-branched O-mannosyl glycan (27, 28) . The β1,6-branched O-mannosyl glycan was proposed to be involved in neural-cell adhesion and migration through β-catenin signaling (29) . In addition, our quite recent work has demonstrated that the β1,6-branched O-mannosyl glycan in the corpus callosum plays a role in inhibiting remyelination in the cuprizone-induced demyelination mouse model (28) . These accumulated observations suggest that GnT-IX has a specific and significant role in the nervous system. We also demonstrated that the brain-specific gene expression of GnT-IX is under the control of epigenetic histone modification (30) , however, the regulatory mechanisms of the enzymatic activity of GnT-IX remain poorly understood.
In the present study, we report on a novel regulatory mechanism for glycosyltransferase activity, based on purifying, characterizing, and identifying a cellular proteinaceous inhibitor for GnT-IX as ENPP3 (ectonucleotide pyrophosphatase/phosphodiesterase 3), which catalyzes the hydrolysis of the nucleotide-sugar donor substrate UDP-GlcNAc, which results in a reduction in its cellular level and simultaneously generates UMP which exerts a strong inhibitory activity. Japan); and 4-Fluoro-7-nitoro-2,1,3-benzoxadiazole (NBD-F) from Tokyo Chemical Industry (Tokyo, Japan).
Construction of Plasmids-All PCR steps were carried out using PrimeStar HS DNA polymerase (Takara, Shiga, Japan). The C-terminally FLAG-tagged human GnT-IX was constructed as follows. The previously constructed GnT-IX expression plasmid (24) was used as a PCR template to obtain the brain form of GnT-IX (25) with the following primer set: forward primer, 5'-CTGGAAGGGGAAGGAGAAGTTCCTGG GCATCCTGAA-3' and reverse primer, 5'-TCCTTCCCCTTCCAGATGCTCGCCTCC TTGCCGTA-3'. The resulting PCR product was cloned in E. coli. The resulting clone, GnT-IX(-LQ) was further amplified by PCR to add FLAG sequence on the C-terminus with the following primer set: forward primer, 5'-CACCATGATCACCGTCAACCCCGA-3' and reverse primer, 5'-AGGCGAATTCACTTGTCGTCATCGTCT TTGTAGTCCAGACAGCCCTGGCACAAGG CCACCT-3'. The PCR product was cloned into pENTR-D-TOPO (Invitrogen, Carlsbad, CA). The expression plasmid for GnT-IX was finally constructed by conversion of the insert from pENTR to pcDNA6.2-DEST vector (designated as pcDNA6.2-hGnT-IX-FLAG).
The C-terminally Myc-His tagged human GnT-V (31) was prepared as follows. The GnT-V coding sequence was amplified by PCR on the plasmid pCXN2-hGnT-V (32) as a template with the following primer set: forward primer, 5'-AGGGTACCATGGCTCTCTTCACTCC-3' (underline: KpnI site) and reverse primer, 5'-AGGCAGTCTTTGCAGAGAGC-3'. The PCR product was digested with KpnI and ligated between the KpnI and EcoRV sites of the pcDNA3.1/Myc-His Version C (Invitrogen) (designated as pcDNA3.1-hGnT-V-Myc-His).
Mouse ENPP3 cDNA was cloned by RT-PCR on total RNA from mouse brain tissue with the following primer set: forward primer, 5'-ACGGGAACAATGGATTCCAG-3' and reverse primer, 5'-CCCCATTTTGTCAAATGGCT-3'. The resulting PCR product was subcloned into the EcoRV site of the pBluescript II SK vector (Stratagene, La Jolla, CA) (designated as pBS-mENPP3).
The
C-terminally Myc-His-tagged mouse ENPP3 was constructed as follows. The ENPP3 coding sequence was amplified by PCR on the pBS-mENPP3 as the template with the following primer set: forward primer (M13-RV), 5'-GGAAACAGCTATGACCATG-3' and reverse primer (mENPP3-R1), 5'-ATAATGGTTTCAAACGTGGGCA-3'. The PCR product was digested with BamHI and ligated between the BamHI and EcoRV sites of the pcDNA3.1/Myc-His Version C (designated as pcDNA3.1-mENPP3-Myc-His).
The C-terminally Myc-His-tagged and catalytically inactive mouse ENPP3 was constructed as follows. The upstream half and downstream half of the mouse ENPP3 coding sequences were separately amplified by PCR on the pBS-mENPP3 as the template with the following primer sets which were specifically designed to mutate the threonine-205 catalytic center into alanine: forward primer M13-RV and reverse primer (mENPP3-R2), 5'-GATTTGGGAAGGCTTTGGTGGGAT-3' (underline: the site of the mutation); and forward primer (mENPP3-F1), 5'-ATCCCACCAAAGCCTTCCCAAATC-3' (underline: the site of the mutation) and reverse primer mENPP3-R1, respectively. The two separately amplified PCR products were combined and then used as the template for the final PCR with the following primer set: forward primer M13-RV and reverse primer mENPP3-R1. The amplified PCR product was digested with BamHI and then ligated between the BamHI and EcoRV sites of the pcDNA3.1/Myc-His Version C (designated as pcDNA3.1-mENPP3(T205A)-Myc-His).
The coding sequences of all the constructs were verified by DNA sequencing with a Dye Terminator Cycle Sequencing Kit and ABI Prism 3100 Genetic Analyzer (Perkin-Elmer, Applied Biosystems, Foster City, CA).
Preparation of Fluorescent Acceptor Substrates-Fluorescent acceptor substrates for GnT activity assays including pyridylaminated (PA)-agalactobiantennary sugar chain (GnGnbi-PA, GlcNAcβ1-2Manα1-3(GlcNAcβ1-2Manα1-6)M anβ1-4GlcNAcβ1-4GlcNAc-PA), PA-agalactotriantennary sugar chain (Gn3-tri'-PA, GlcNAcβ1-2Manα1-3(GlcNAcβ1-2(GlcNAcβ1-6)Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAc-PA), and 7-nitro-2,1,3-benzoxadiazole-4-yl (NBD)-Ser-linked O-mannosyldisaccharide (GnM-S-NBD, GlcNAcβ1-2Manα1-O-Ser-NBD) were prepared as follows.
GnGnbi-PA was prepared from the hen's egg yolk sialylglycopeptide (SGP) which contains an N-linked disialobiantennary sugar chain as glycan moiety (33) . The N-glycan was liberated from the SGP by hydrazinolysis and pyridylaminated, as described previously (34) . The resulting PA-N-glycan was digested using a mixture of Arthrobacter ureafaciens sialidase (Nacalai Tesque, Kyoto, Japan) and jack bean β-galactosidase (Seikagaku Biobusiness, Tokyo, Japan) to remove sialic acid and galactose residues. The digested product, GnGnbi-PA, was then purified by reversed phase HPLC with a TSKgel ODS-80TM column (0.78 x 30 cm, Tosoh, Tokyo Japan). The elution was performed isocratically at 55°C at a flow rate of 3 ml/min using 20 mM ammonium acetate (pH 4.0) containing 0.15% 1-butanol as the eluate and fluorescence was monitored at excitation and emission wavelengths of 320 nm and 400 nm, respectively.
Gn3-tri'-PA was enzymatically synthesized from GnGnbi-PA by reaction with UDP-GlcNAc catalyzed by GnT-V which had been overexpressed in COS-1 cells. The resulting Gn3-tri'-PA was purified by reversed phase HPLC under the same conditions as described above.
GnM-S-NBD was prepared as follows. The Ser-linked O-mannosyltrisaccharide (GGnM-S, Galβ1-4GlcNAcβ1-2Manα1-O-Ser) was chemically synthesized as described previously (35) . The α-amino group of Ser in the synthetic GGnM-S was fluorescently labeled with NBD-F as previously described (36, 37) with minor modifications. Briefly, 40 µmol of NBD-F was dissolved in 200 µl of acetonitrile and then added to 200 nmol of GGnM-S which had been dissolved in 200 µl of 50 mM borate buffer (pH 8.0). The reaction was allowed to proceed for 15 min at 50°C, the reaction mixture was then extracted with 400 µl of ethyl acetate to remove the large excess of free labeling reagent, followed by centrifugation at 20,000 x g for 1 min. The resulting lower layer (aqueous phase) containing the NBD-labeled GGnM-S (GGnM-S-NBD) was collected and subjected to two more extractions and centrifugations. The collected GGnM-S-NBD was then purified by reversed phase HPLC with a TSKgel ODS-80TM column (0.78 x 30 cm). The elution was performed isocratically at 55°C using 20 mM ammonium acetate buffer (pH 4.0) containing 7% acetonitrile at a flow rate of 3 ml/min and the fluorescence was monitored at excitation and emission wavelengths of 470 nm and 530 nm, respectively. The purified GGnM-S-NBD was digested with jack bean β-galactosidase to remove a galactose residue and the resulting GnM-S-NBD was purified by reversed phase HPLC under the same conditions as described above. The content of the fluorescent acceptor substrate was determined by spectrofluorometry using free NBD-F as standard.
Purification of GnT-IX-Inhibitory Factor-All purification steps were carried out at 4°C unless otherwise stated. The buffers used were as follows, with the pH adjusted at room temperature: buffer A, 10 mM Tris-HCl buffer (pH 7.4), 0.25 M sucrose, and proteinase inhibitors (Complete EDTA-free, Roche, Basel, Switzerland); buffer B, 10 mM Tris-HCl buffer (pH 7.4), 20% glycerol, 1% Triton X-100, and proteinase inhibitors (Complete EDTA-free); buffer C, 10 mM Tris-HCl buffer (pH 8.0) and 0.1% Triton X-100; buffer D, 20 mM sodium phosphate buffer (pH 6.8), 0.1 M NaCl, and 0.05% Triton X-100; buffer E, 50 mM sodium phosphate buffer (pH 6.8) and 0.05% Triton X-100; buffer F, 20 mM Tris-HCl buffer (pH 8.0), 0.5 M NaCl, and 0.05% Triton X-100; buffer G, 20 mM Tris-HCl buffer (pH 8.0), 0.15 M NaCl, and 0.05% Triton X-100; and buffer H, 20 mM Tris-HCl buffer (pH 8.0) and 0.05% Triton X-100.
The cultured N2a cells (180 x 15-cm-diameter dishes) were harvested after the cells reached confluency. The harvested cells were homogenized in 85 ml of buffer A using a Dounce homogenizer, followed by centrifugation at 600 x g for 10 min. The resulting supernatant was collected and the residual pellet was subjected to one additional extraction and centrifugation, after which all the supernatants were combined (165 ml). After centrifugation at 8,000 x g for 10 min, the precipitate was collected (designated as P8), and the supernatant was further centrifuged at 10 5 x g for 1 h and the precipitate was collected (designated as P100). The P8 and P100 fractions were then separately powdered with cold acetone (-20°C). An inhibitory factor for GnT-IX could be purified from both the P8 and P100 fractions by basically the same protocol as described below. Thus, the purification procedures for the P8 fraction are described below.
Step 1: The P8 acetone powder was suspended in 20 ml of buffer B, gently rotated for 1 h, and then centrifuged at 10 5 x g for 1 h. The resulting supernatant was collected and the residual pellet was subjected to one additional extraction and ultracentrifugation, after which all the supernatants were combined (36 ml).
Step 2: Two volumes of buffer C were added to the extract from Step 1 and then applied to two tandemly connected HiTrap Q HP columns (5 ml x 2) which had been equilibrated with buffer C. Fractions of 5 ml were collected during this column chromatography. The column was washed with 5 column volumes of buffer C, and the bound proteins were eluted with a linear gradient (20 column volumes) of 0-0.8 M NaCl in buffer C. Fractions containing GnT-IX-inhibitory activity were combined and then concentrated to 5 ml with an Amicon Ultra 15 centrifugal filter device (30K, Millipore, Billerica, MA).
Step 3 (performed at room temperature): The concentrate from Step 2 was applied to a Sephadex G-150 column (2.5 x 97.5 cm) which had been equilibrated with buffer D. Fractions of 5.5 ml were collected during this column chromatography. The elution was performed with the same buffer. Fractions containing the inhibitory activity were combined.
Step 4 (performed at room temperature): The combined fraction from Step 3 was directly applied to a hydroxyapatite column (2.5 x 15.5 cm) which had been equilibrated with buffer E. Fractions of 15 ml were collected during this column chromatography. The elution was performed with the same buffer, and the flow-through fractions containing the inhibitory activity were combined. The buffer in the combined fraction was replaced by buffer F with an Amicon Ultra 15 centrifugal filter device.
Step 5: The concentrate (7.6 ml) from Step 4 was applied to a HiTrap Zn 2+ -Chelating HP column (5 ml) which had been equilibrated with buffer F. Fractions of 1.8 ml were collected during this column chromatography. The elution was performed with the same buffer, and the flow-through fractions containing the inhibitory activity were combined. The combined fraction was concentrated to 5.6 ml with an Amicon Ultra 4 centrifugal filter device (30K, Millipore).
Step 6: The concentrate from
Step 5 was applied to a HiTrap Cu 2+ -Chelating HP column (1 ml) which had been equilibrated with buffer F. Fractions of 1 ml were collected during this column chromatography. The column was washed with 5 column volumes of buffer F, and the bound proteins were eluted with a linear gradient (20 column volumes) of 0-0.2 M glycine in buffer F. Fractions containing the inhibitory activity were combined and then concentrated to 0.3 ml with an Amicon Ultra 4 centrifugal filter device.
Step 7: The concentrate from
Step 6 was applied to a Superdex 200 10/300 GL column which had been equilibrated with buffer G. Fractions of 0.4 ml were collected during this column chromatography. The elution was performed with the same buffer. Fractions containing the inhibitory activity were combined and the buffer in the fraction was replaced by buffer H with an Amicon Ultra 4 centrifugal filter device.
Step 8: The concentrate (1.8 ml) from Step 8 was applied to a Mono Q 5/50 GL column, which had been equilibrated with buffer H. Fractions of 0.5 ml were collected during this column chromatography. The column was washed with 5 column volumes of buffer H, and the elution was carried out with a linear gradient (20 column volumes) of 0-0.5 M NaCl in buffer H. Fractions containing the inhibitory activity were combined and the buffer in the fraction was replaced by 20 mM Tris-HCl buffer (pH 8.0), concentrated with an Amicon Ultra 4 centrifugal filter device, and then collected as the final purified protein fraction (0.4 ml). This final fraction was predicted to contain less than 0.4% Triton X-100 because the detergent contained in buffer H had been concentrated at the final ultrafiltration step.
Identification of Inhibitory Factor-The purified proteins were digested with PNGase F (Roche) at 37°C overnight to remove N-glycan moieties and the digested products were subjected to SDS-PAGE under reducing conditions on an 8.5% gel. The protein bands were visualized using a SilverQuest silver staining kit (Invitrogen). The stained bands were excised, reduced and S-carbamoylmethylated, and then in-gel digested using a mixture of 1.3 µg of trypsin and 0.6 µg of lysylendopeptidase (Achromobacter proteinase I) in 100 µl of 50 mM ammonium hydrogen carbonate solution containing 0.1% n-octyl-β-D-glucoside at 37°C overnight. The resulting peptides were extracted from the gel with 50% acetonitrile/0.1% TFA followed by secondary extraction with 70% acetonitrile/0.1% TFA, after which all the extracts were combined, evaporated, and then lyophilized. After re-dissolving the lyophilizate with 20 µl of 2% acetonitrile/0.1% TFA, tandem mass spectra were obtained on a Finnigan LCQ Deca XP ion-trap mass spectrometer (ThermoFisher Scientific, Waltham, MA) equipped with a nanoESI device (AMR, Tokyo, Japan), which was connected to a Paradigm MS4 µHPLC system (Michrom BioResources, Auburn, CA). Reversed phase HPLC was performed on a Magic C18 column (5 µm, 0.2 x 50 mm. Michrom BioResources) equipped with a FortisTip capillary needle (AMR). In order to identify the proteins, the tandem mass spectra obtained were compared with the data in the NCBI-nr database using the MASCOT Daemon software (Matrix Science, London, UK).
Protein Expression System in Cultured Cells-All the cell lines used were grown and maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin G, and 0.1 mg/ml streptomycin at 37°C under a humidified atmosphere of 95% air and 5% CO2. The HEK 293T human embryonic kidney cells or Neuro2a (N2a) mouse neuroblastoma cells were transiently transfected with pcDNA6.2-hGnT-IX-FLAG, pCXN2-hGnT-V, pcDNA3.1-mENPP3-Myc-His, pcDNA3.1-mENPP3(T205A)-Myc-His, or pcDNA3.1-hGnT-V-Myc-His using a Lipofectamine 2000 reagent (Invitrogen). Two days after transfection, the cells were harvested and used in various experiments.
ENPP3 Knockdown in Cultured Cells-Stealth
RNAi Enpp3 siRNAs (MSS277508 and MSS209891, Invitrogen) or stealth RNAi Negative Control Duplex (Invitrogen) were transiently transfected to N2a cells at 20 nM concentration using a Lipofectamine RNAiMAX reagent (Invitrogen). Two days after transfection, the cells were harvested and used in various experiments.
Preparation of Cell Lysate-The harvested cells were suspended in the lysis buffer consisting of 10 mM HEPES buffer (pH 7.5), 150 mM NaCl, 1% Triton X-100, and proteinase inhibitors (Complete EDTA-free), and sonicated for 5 min in an ice-chilled water bath using BioRuptor sonicator (Cosmobio, Tokyo, Japan). After centrifugation at 20,000 x g for 10 min, the resulting supernatant was collected and used in various experiments.
The protein concentration was determined with a BCA protein assay kit (Pierce, Rockford, IL) using bovine serum albumin (BSA) as standard.
Preparation of Recombinant Proteins-HEK 293T cells (3 x 10-cm-diameter dishes) were transiently transfected with pcDNA3.1-mENPP3-Myc-His, pcDNA3.1-mENPP3(T205A)-Myc-His, pcDNA3.1-hGnT-V-Myc-His, or pcDNA6.2-hGnT-IX-FLAG using a Lipofectamine 2000 reagent and, after two days culture, the cells were harvested. The harvested cells were homogenized with a Dounce homogenizer in 1.5 ml of 10 mM HEPES buffer (pH 7.5) containing 150 mM NaCl, and proteinase inhibitors (Complete EDTA-free), followed by centrifugation at 600 x g for 10 min. The resulting supernatant was collected and the residual pellet was subjected to one additional extraction and centrifugation, after which all the supernatants were combined. After centrifugation at 10 5 x g for 1 h, the resulting precipitate was collected as membrane fraction.
The intact and mutated ENPP3-Myc-His recombinant proteins were purified as follows. The membrane fraction from the transfectant for each construct was solubilized in 1 ml of 20 mM Tris-HCl buffer (pH 8.0) containing 0.5 M NaCl, 1% Triton X-100, and 25 mM imidazole for 1 h with gentle rotation, followed by centrifugation at 10 5 x g for 1 h. The resulting supernatant was collected and incubated with Ni 2+ -chelating Sepharose 6 Fast Flow resin (50 µl) which had been equilibrated with 20 mM Tris-HCl buffer (pH 8.0), 0.5 M NaCl, 0.1% Triton X-100, and 25 mM imidazole. After washing the resin with the same buffer, the bound proteins were eluted with 20 mM Tris-HCl buffer (pH 8.0), 0.5 M NaCl, 0.1% CHAPS, and 0.25 M imidazole.
The GnT-IX-FLAG and GnT-V-Myc-His recombinant proteins were purified using immunoaffinity resins as follows. Anti-FLAG (M2) antibody or anti-cMyc (9E10) antibody was introduced into NHS-activated Sepharose 4 Fast Flow resin according to the manufacturer's instructions. The membrane fraction from the transfectant for each construct was solubilized in 1 ml of 10 mM HEPES buffer (pH 7.5) containing 0.15 M NaCl, 1% Triton X-100, and proteinase inhibitors (Complete, EDTA-free) for 1 h with gentle rotation. After centrifugation at 10 5 x g for 1 h, the resulting supernatant was collected. The GnT-IX-FLAG protein was pulled-down from the supernatant using the anti-FLAG Sepharose 4 Fast Flow resin (50 µl) which had been equilibrated with 10 mM HEPES buffer (pH 7.5) containing 0.15 M NaCl, and 0.1% Triton X-100 and, after washing the resin with the same buffer, the bound proteins were eluted with 0.1 mM FLAG peptide dissolved in 10 mM HEPES buffer (pH 7.5) containing 0.15 M NaCl, and 0.1% CHAPS. The GnT-V-Myc-His protein was pulled-down from the supernatant using the anti-cMyc Sepharose 4 Fast Flow resin (50 µl) which had been equilibrated with 10 mM HEPES buffer (pH 7.5) containing 0.15 M NaCl, and 0.1% Triton X-100 and, after washing the resin with the same buffer, the bound proteins were eluted with 0.1 M Glycine-HCl buffer (pH 2.8) containing 0.1% CHAPS and the pH of the eluate was rapidly neutralized with a one tenth volume of 1 M Tris-HCl buffer (pH 9.0).
Finally, the buffer of each eluate was replaced with 10 mM HEPES buffer (pH 7.5) containing 0.15 M NaCl, and 0.1% CHAPS using an Amicon Ultra 0.5 centrifugal filter device (30K, Millipore) and then used in various experiments.
GnT Activity Assays-GnT-IX activity was assayed using Gn3-tri'-PA as a fluorescent acceptor substrate unless otherwise stated. The enzyme was incubated at 37°C in a final volume of 10 µl in a reaction mixture consisting of 50 mM HEPES buffer (pH 7.5), 10 mM MnCl2, 0.5% Triton X-100, 1 mg/ml BSA, 20 mM UDP-GlcNAc, 5 µM Gn3-tri'-PA, and 2.5 µl of enzyme source. After 4 h of incubation, 40 µl of water was added and the enzyme reaction was terminated by boiling for 2 min, followed by centrifugation at 20,000 x g for 5 min. The resulting supernatant was collected and injected into a TSKgel ODS-80TM column (0.46 x 25 cm) to separate and quantitatively determine the product. The elution was performed isocratically at 55°C at a flow rate of 1 ml/min using 20 mM ammonium acetate buffer (pH 4.0) containing 0.1% 1-butanol. The fluorescence was monitored using excitation and emission wavelengths of 320 nm and 400 nm, respectively.
After establishing a complete assay protocol for GnT-IX activity using the Gn3-tri'-PA acceptor substrate, as described above, we found that the O-mannose-type substrate, GnM-S-NBD, was a better acceptor substrate for GnT-IX and the enzyme activity was about 30-fold higher than that for Gn3-tri'-PA. Thus, in the second half of this study, GnT-IX was assayed using the GnM-S-NBD acceptor substrate so as to achieve a more sensitive measurement of the enzyme activity and for minimizing the consumption of the enzyme source. The separation and quantification of the product derived from the GnM-S-NBD was performed under a second set of reversed phase HPLC conditions using a TSKgel ODS-80TM column (0.46 x 15 cm). The elution was performed isocratically at 55°C at a flow rate of 1 ml/min using 20 mM ammonium acetate buffer (pH 4.0) containing 7% acetonitrile, and the fluorescence was monitored using excitation and emission wavelengths of 470 nm and 530 nm, respectively.
GnT-V activity was assayed in the same reaction mixture as for GnT-IX except that the fluorescent acceptor substrate used was 5 or 25 µM GnGnbi-PA. The conditions used for separating and quantitating the product by reversed phase HPLC have been reported previously (38) .
Inhibitory Activity Assay-GnT activity was assayed in the reaction mixture described in the above section in the presence or absence of 2.5 µl of inhibitory factor fraction and the enzyme activities between the above two measured conditions were compared. The inhibitory activity was calculated according to our tentative unit definition as follows; one unit of inhibitory factor is defined as the amount required for causing a 50%-inhibition of GnT activity.
ENPP3 Activity Assay-The phosphodiesterase activity of ENPP3 was measured using pNP-5'-TMP as the substrate, as described previously (39, 40) with minor modifications. Briefly, the ENPP3 reaction was carried out in a final volume of 200 µl in a reaction mixture consisting of 50 mM Tris-HCl buffer (pH 8.5), 5 mM KCl, 140 mM NaCl, 1 mM CaCl2, 0.5 mM pNP-5'-TMP, and 20 µl of enzyme source. After incubation at 37°C for 15 min, 200 µl of 0.2 M NaOH was added to terminate the reaction and the amount of generated p-nitrophenol was measured colorimetrically at 400 nm using a molar extinction coefficiency of 18,320 M -1
•cm -1 (41) . Real-time PCR-Total RNA was isolated from cultured cells using an RNAiso PLUS reagent (Takara). One microgram of total RNA was reverse-transcribed using a Transcriptor First Strand cDNA Synthesis kit (Roche) with an oligo(dT)18 primer. Real-time PCR was performed on the reverse-transcribed cDNA using THUNDERBIRD SYBR qPCR mix (TOYOBO, Tsuruga, Japan) with the following primer sets: ENPP3, forward primer 5'-CCATTGTCACGGGTTTGTATC-3' and reverse primer 5'-GGGATTGCTTTTCTCCACTG-3'; and GAPDH, forward primer 5'-CACAATTTCCATCCCAGACC-3' and reverse primer 5'-GGGTGCAGCGAACTTTATTG-3'. Normalization of the data was carried out using GAPDH mRNA levels.
Western Blot Analyses-Protein fraction was resolved by SDS-PAGE according to the method of Laemmli (42) and transferred to nitrocellulose membrane (Bio-Rad, Hercules, CA). After blocking with 5% skim milk in Tris-buffered saline containing 0.05% Tween-20 (TBST), the membrane was incubated with the primary antibody: anti-cMyc (9E10, 1:5,000), anti-FLAG (M2, 1:5,000), or anti-GnT-V (24D11, 1:10,000), for 1 h at room temperature. After washing with TBST, the membrane was incubated with the secondary antibody, HRP-conjugated anti-mouse IgG (1:5,000) for 30 min at room temperature, followed by washing with TBST. Immunoreactive proteins were finally visualized by chemiluminescence using an ECL system reagent (GE Healthcare).
UDP-GlcNAc Hydrolytic Activity of ENPP3-The purified recombinant ENPP3 protein was incubated in a final volume of 10 µl in a reaction mixture consisting of 50 mM HEPES buffer (pH 7.5), 10 mM MnCl2, 0.5% Triton X-100, 20 mM UDP-GlcNAc, and 100 ng of the recombinant enzyme. After incubation at 37°C for 4 h, 40 µl of ice-chilled water and 150 µl of cold ethanol (-20°C) were added to terminate the enzyme reaction. After centrifugation at 20,000 x g for 10 min at 4°C, the supernatant was collected and taken to dryness using a centrifugal evaporator. The dried sample was re-dissolved in water and analyzed by our previously developed ion-pair reversed phase HPLC (43) with minor modifications. Briefly, the water soluble materials were injected into an Inertsil ODS-4 HPLC column (3 µm, 0.46 x 15 cm, GL Science, Tokyo, Japan) to separate and determine the product at 40°C at a flow rate of 1 ml/min. The eluents used were (A) 100 mM potassium phosphate buffer (pH 6.4) containing 8 mM tetrabutylammonium hydrogensulfate, and (B) the mixture of eluent A and acetonitrile (70 : 30). The column was equilibrated with 100% eluent A and, after sample injection, eluent A was held at 100% for 25 min, and then solvent B was increased to 100% in 1 min and then held at 100% for 4 min. The progress of the elution was monitored at 254 nm.
Kinetics-The purified GnT recombinant protein was incubated in a reaction mixture of 10 µl consisting of 50 mM HEPES buffer (pH 7.5), 10 mM MnCl2, 0.5% Triton X-100, 1 mg/ml BSA, 25 µM GnM-S-NBD for GnT-IX or 25 µM GnGnbi-PA for GnT-V, and various concentrations of UDP-GlcNAc in the presence or absence of UMP at 37°C for 4 h. In all assays, the consumption of the acceptor substrate was kept below 20% to ensure accurate initial velocity measurement.
Simultaneous Determination of Intracellular Nucleotide Sugars in Cultured Cells-To determine the level of nucleotide sugars in the cultured cells, our previously developed ion-pair reversed phase HPLC method was used. The experimental procedures including the extraction of nucleotide sugars from cultured cells, purification of the extracted nucleotide sugars, and separation and quantification by ion-pair reversed phase HPLC have already been reported in detail previously (43) .
Preparation of PA-Glycans from Cultured Cells-In order to determine the total cellular glycosylation profile, cultured cells were homogenized in ice-chilled phosphate-buffered saline (PBS) and protein fraction (1 mg) was precipitated with three volumes of cold acetone (-20°C). The precipitated proteins were re-dissolved in water, evaporated, and then lyophilized. The N-and O-glycans were simultaneously liberated from the lyophilizate by hydrazinolysis at 60°C for 16 h and the reducing ends of the liberated glycans were pyridylaminated as described previously (34) . The resulting PA-glycans were purified with a graphite carbon column (GL-Pak Carbograph 300 mg, GL Science, Tokyo, Japan) according to the method of Natsuka et al. (44) and then used for HPLC analysis.
HPLC for PA-Glycans-Normal phase HPLC was performed as described previously (45) .
Reversed phase HPLC was performed at 30°C on a TSKgel ODS-80TS column (0.2 x 15 cm, Tosoh) at a flow rate of 0.2 ml/min. The eluents used were (A) 50 mM triethylamine acetate (pH 6.0) and (B) eluent A containing 20% acetonitrile. The column was equilibrated with eluent A and, after sample injection, eluent B was linearly increased to 18% over 54 min and then increased to 100% in 16 min. Fluorescence was monitored using excitation and emission wavelengths of 315 nm and 400 nm, respectively.
MS Analysis of PA-Glycans-Mass spectra of PA-oligosaccharides were obtained as described previously (45) .
RESULTS

N2a Cells Possess an Intrinsic Inhibitory Factor for GnT-IX-
In the course of our establishing a high expression system for GnT-IX in several mammalian cell lines including COS-1, HEK 293, and N2a cells, we found evidence for an endogenous inhibitory activity for GnT-IX specifically in N2a cells, and not among the other cell lines. The apparent GnT-IX enzymatic activity was significantly reduced only in lysates from N2a cells in which GnT-IX was being overexpressed, even though comparative levels of GnT-IX transcript expression were detected among those cell lines. This caused us to hypothesize that N2a cells intrinsically produce an inhibitor of GnT-IX.
To examine this aspect further, we prepared the cell lysate from GnT-IX-overexpressing HEK 293T cells as GnT-IX enzyme source and measured the enzymatic activity in the presence of an N2a-cell lysate. We found that GnT-IX was inhibited by the addition of an N2a-cell lysate in a dose-dependent manner (Fig. 1A) . Moreover, we found that this inhibition was heat-labile (Fig.  1A) . Contrary to this, GnT-V, a homolog of GnT-IX, was not inhibited in a range of quantities of N2a-cell lysate (Fig. 1B) . Collectively, these findings indicate that a GnT-IX-inhibitory factor was endogenously present in N2a cells. Additionally, we found that the GnT-IX-inhibitory activity was exclusively detected in the membrane fraction of N2a cells and could be efficiently solubilized with detergents such as Triton X-100 and sodium deoxycholate, indicating that the GnT-IX-inhibitory factor is membrane-bound. When we treated an N2a-cell lysate with PNGase F, the GnT-IX-inhibitory activity in the cell lysate was completely abolished (Fig. 1C) , indicating that the GnT-IX-inhibitory factor in N2a cells is likely a glycoprotein.
ENPP3 is a GnT-IX-Inhibitory Factor in N2a
Cells-Protein purification is one of the most effective ways to identify such an unidentified proteinaceous factor. GnT-IX-inhibitory activity was measured according to our tentative unit definition (see "EXPERIMENTAL PROCEDURES"). When the GnT-IX-inhibitory activity contained by an N2a-cell lysate was assayed, the inhibitory activity was found to be proportional to the quantity of cell lysate examined, at least up to 5 µg. As a result, our assay method for GnT-IX inhibitory activity was judged to be sufficient for monitoring the GnT-IX-inhibitory factor in its purification.
We prepared the membrane fraction from N2a cells that were cultured on a large scale as the starting material and, after an acetone treatment and solubilization with Triton X-100, the resulting extract was subjected to seven successive column chromatography steps ( Fig. 2A) . GnT-IX-inhibitory activity was measured and the active fractions from each column chromatography step were pooled and then loaded onto the next column. Finally, the purification of the GnT-IX-inhibitory factor was completed by Mono Q anion-exchange column chromatography. SDS-PAGE analysis of the final purified protein fraction showed the presence of two bands with molecular weights of >250K and 145K under both reducing and non-reducing conditions. The molecular weights of the two bands were shifted from >250K and 145K to 250K and 116K, respectively, as the result of PNGase F digestion, conclusively demonstrating that they are N-glycosylated proteins.
To identify the purified inhibitor proteins, after PNGase F digestion, they were subjected to SDS-PAGE and visualized by silver staining (Fig. 2B) . The resulting 250K and 116K bands were excised from the gel and analyzed by mass spectrometry. The findings indicate that they were derived from a single protein and were identified as ENPP3, a member of the ectonucleotide pyrophosphatase/phosphodiesterase (ENPP) enzyme family, which is comprised of seven members of ENPP1-7. The 250K band may have been due to the non-reducible dimerization of the enzyme. ENPP3 is a typical type II transmembrane glycoprotein with a small N-terminal intracellular domain, a single-spanning transmembrane domain, and a large catalytic C-terminal extracellular domain, and is localized to the cell surface where the enzyme is thought to hydrolyze pyrophosphate or phosphodiester bonds in extracellular nucleotides and their derivatives by the following catalytic reaction (46, 47, 48) : NTP (nucleoside triphosphate) → NMP (nucleoside monophosphate) + PPi (pyrophosphate).
To verify that ENPP3 is indeed a GnT-IX-inhibitory factor in N2a cells, we first engineered ENPP3 knockdown (KD) cells by introducing siRNAs into N2a cells. As shown in Figs. 3A and B, the introduction of ENPP3 siRNAs into N2a cells resulted in a significant reduction in the levels of ENPP3 mRNA and phosphodiesterase activity to about 50% compared to the control cells. This indicates that the alteration in the ENPP3 enzymatic activity was entirely consistent with its mRNA level in this cell line. We confirmed that the GnT-IX-inhibitory activity was also significantly reduced in the ENPP3-KD cells to about 50%, in good agreement with the levels of ENPP3 mRNA and enzymatic activity (Fig. 3C) , indicating that ENPP3 is a GnT-IX-inhibitory factor in N2a cells.
To further strengthen this conclusion, we next engineered ENPP3 overexpressing cells and enzymatically characterized their inhibitory activity for GnT-IX. It is well known that the ENPP family members have a structurally related catalytic domain and that catalysis proceeds via the formation of a covalent catalytic intermediate with a conserved threonine residue (serine in the case of ENPP6) in the catalytic site (46, 49) . We constructed intact ENPP3 and mutated ENPP3 in which the threonine-205 active site was point-mutated to alanine (T205A), which would be expected to render the molecule catalytically inactive. We then transiently transfected them into HEK 293T cells and confirmed that the intact and T205A-mutated ENPP3s were expressed in the transfected cells at equivalent levels, as evidenced by Western blotting (Fig. 3D) . Phosphodiesterase activity assays using the transfected cell lysate revealed that the intact ENPP3 exhibited a substantial enzymatic activity, whereas the T205A-mutated ENPP3 was indeed catalytically inactive (Fig. 3E) . We found that the GnT-IX-inhibitory activity was significantly increased in the intact ENPP3-transfected cells, whereas this was not the case in the mock or T205A-mutated ENPP3 transfected cells (Fig. 3F) , again indicating that ENPP3 is indeed a GnT-IX-inhibitory factor in N2a cells, and further, that the enzymatic activity of ENPP3 is essential for exerting its GnT-IX-inhibitory activity. Additionally, several other in vitro studies on the characteristics of ENPP3 using the transfected cell lysate as enzyme source revealed: 1) the phosphodiesterase and GnT-IX-inhibitory activities of ENPP3 were completely abolished by boiling or by PNGase F digestion; and 2) ENPP3 potently inhibited GnT-IX, but hardly inhibited GnT-V in vitro. All these characteristics of ENPP3 are completely consistent with those observed at the level of an N2a-cell lysate (Fig. 1) , and provide further support for our conclusion that ENPP3 is a GnT-IX-inhibitory factor in N2a cells.
ENPP3 Hydrolyzes UDP-GlcNAc to UMP and GlcNAc-1-phosphate-Since
GnT-IX requires UDP-GlcNAc as a nucleotide-sugar donor substrate, we examined the issue of whether ENPP3 is capable of catalyzing the hydrolysis of UDP-GlcNAc. We partially purified the intact and T205A-mutated ENPP3 recombinant proteins from the transfectant for each construct (see "EXPERIMENTAL PROCEDURES") and confirmed their enzymatic functionality by assessing the phosphodiesterase and GnT-IX and V-inhibitory activities in vitro. As shown in Fig. 4A , when the intact ENPP3 reacted with UDP-GlcNAc and the resulting reaction mixture was subjected to ion-pair reversed phase HPLC analysis (see "EXPERIMENTAL PROCEDURES"), UMP was newly detected and the level of UDP-GlcNAc was correspondingly decreased. In contrast, no changes were observed in reaction mixtures of T205A-mutated ENPP3 (Fig. 4A) . These findings conclusively indicate that ENPP3 catalyzes the hydrolysis of UDP-GlcNAc to UMP and GlcNAc-1-phosphate (Fig. 4B) , although the latter product was not directly detected in the HPLC analysis because of its lack of effective absorbance.
GnT-IX is Highly Sensitive to UMP and is More Strongly Inhibited by UMP than
GnT-V-The obtained data indicate that the reduction in UDP-GlcNAc level caused by the ENPP3 enzymatic activity represents one of the underlying mechanisms for the inhibition of GnT-IX. This could not, however, explain the specificity of inhibition in which ENPP3 potently inhibits GnT-IX, but not GnT-V. We next focused on the inhibition of GnTs caused by the two hydrolysis products of UDP-GlcNAc by ENPP3, i.e., UMP and GlcNAc-1-phosphate. We partially purified the GnT-IX and V recombinant proteins from the transfectant for each construct (see "EXPERIMENTAL PROCEDURES") and, using these recombinant enzymes, we evaluated the inhibition of GnT-IX and V caused by UMP or GlcNAc-1-phosphate. As shown in Fig. 5A and B, UMP, but not GlcNAc-1-phosphate, inhibited both GnTs and more strongly affected the GnT-IX reaction even at low concentrations, compared to that for GnT-V. A kinetic analysis of the inhibition of GnT-IX and V caused by UMP revealed the existence of competitive inhibition, and the Ki value for UMP of GnT-IX (0.07 mM) was determined to be about 64 times lower than that of GnT-V (4.49 mM) (Figs. 5C and D) , revealing that the enzymatic basis for why GnT-IX is more sensitive to inhibition caused by UMP than GnT-V. We conclude that a marked difference in the Ki value for UMP between GnT-IX and V satisfactorily explains why GnT-IX is more potently inhibited by ENPP3 than GnT-V at least in vitro.
ENPP3 Regulates the Level of Intracellular Nucleotide Sugars-We next addressed the intracellular function of ENPP3 on the regulation of GnT-IX activity. Because no probe for detecting GnT-IX-glycan products, such as lectins or antibodies, is available, we instead monitored intracellular nucleotide sugar levels, which reflect the first step of the ENPP3-mediated GnT-IX inhibition. We again engineered ENPP3-KD N2a cells by introducing siRNA, and confirmed the reduction (minus ca. 60%) in the phosphodiesterase activity in the ENPP3-KD cells compared to that in the control cells. As shown in Fig. 6 , the level of intracellular UDP-GlcNAc was significantly increased in the ENPP3-KD cells compared to the control cells, an observation that is consistent with our in vitro observation on the ENPP3-catalyzed hydrolysis of UDP-GlcNAc (Fig. 4) . These findings indicate that ENPP3 controls the intracellular UDP-GlcNAc level, and further suggested that the ENPP3 latently regulates the intracellular GnT-IX activity.
In addition, we found that the level of several other intracellular nucleotide sugars including UDP-GalNAc, CMP-NeuAc, GDP-Fuc, and UDP-GlcA was significantly increased in the ENPP3-KD cells (Fig. 6) , suggesting that ENPP3 may catalyze the hydrolysis of a broader spectrum of nucleotide sugars and may have impacts on a variety of glycosyltransferase activities through dictating the availability of intracellular nucleotide sugars.
ENPP3
Modulates the Cellular Glycosylation Profile-Finally, we examined whether ENPP3 is capable of modulating the glycan biosynthesis in vivo through its hydrolytic activity towards the intracellular nucleotide sugars. We again engineered ENPP3-KD N2a cells as described above. The N-and O-glycans were simultaneously liberated from the ENPP3-KD and control cells by hydrazinolysis at 60°C for 16 h and the reducing ends of the liberated glycans were fluorescently labeled by pyridylamination (see "EXPERIMENTAL PROCEDURES"). As shown in Fig. 7A , the prepared PA-glycans were first separated into six fractions, F1-F6, by normal phase HPLC, the PA-oligosaccharides being separated in accordance with their molecular size. Each collected fraction was then further analyzed by reversed phase HPLC, the PA-oligosaccharides being separated according to their oligosaccharide structure. As shown in Figs. 7B-G, comparison of the PA-glycan profiles from the ENPP3-KD cells with those from the control cells revealed small but distinct changes in the HPLC elution profiles of the PA-glycans in the ENPP3-KD cells. We picked up twenty one characteristic peaks, G1-G21, whose expression changes were caused by ENPP3 knocking down in N2a cells and confirmed that they are all PA-glycans by mass spectrometry (Table I) . The fifteen glycans, G1-12, G16, G20, and G21, among the selected glycans displayed an increase in the expression levels in the ENPP3-KD cells and the other glycans, G13-15 and G17-19, conversely displayed a reduction in the expression levels by ENPP3 knocking down in N2a cells. From these findings, we conclude that ENPP3 is able to function as a modifier of the glycan biosynthesis in vivo.
DISCUSSION
In this study, we identified ENPP3 as a GnT-IX-inhibitory factor in N2a cells (Figs. 2  and 3 ) and revealed the mechanism of the ENPP3-mediated GnT-IX inhibition. The underlying basis for this inhibition was found to be the ENPP3-catalyzed hydrolysis of the nucleotide-sugar donor substrate, UDP-GlcNAc, and the resulting generation of UMP, a potent and competitive inhibitor of GnT-IX (Figs. 4 and  5) . We also reported herein an important link of ENPP3 to the regulatory system for dictating the level of intracellular nucleotide sugars (Fig. 6 ) that would be possible to modulate the broad-spectrum glycosyltransferase activities and to alter the total cellular glycosylation profile (Figs. 7 and 8, and Table I ).
ENPP3 was initially determined to be a 130-kDa glycoprotein (gp130 ) recognized by the monoclonal antibody RB13-6 on a specific subset of rat brain glial precursor cells (50) , which were later reported to differentiate in vitro into radial-glial, astrocytic, and ependymal cells (51), a finding suggesting that ENPP3 plays a role in the glial-cell differentiation process. This expression of ENPP3 in the brain is consistent with that of GnT-IX, and is not inconsistent with our proposing the ENPP3-mediated GnT-IX inhibition in vivo, however, attention should be paid to the reported findings on the spatiotemporal expression of ENPP3 in rat brain development (52, 53) . Namely, ENPP3-positive cells are distributed throughout the neuroepithelium in early rat brain development, whereas the spatiotemporal expression is characteristic in the germinal layers of the ventricular zone during later development (51) . On the other hand, GnT-IX was recently reported to be distributed throughout the neuroepithelium in early mouse brain development, a finding that is consistent with rat ENPP3, while the enzyme was relatively absent from the ventricular zone but was highly expressed in the subventricular zone during later development (27) . Thus, it will be necessary to clarify the physiological significance of the ENPP3-mediated GnT-IX inhibition from a spatiotemporal viewpoint in the future.
ENPP3 has a type II transmembrane topology, in common with the majority of glycosyltransferases cloned to date, and is known to be a typical ectoenzyme that is localized to the cell surface where the enzyme plays a role in metabolizing extracellular nucleotides and their derivatives (46) . Thus, it has been proposed that ENPP3 has an extracellular role in modulating nucleotide-mediated signal transduction, a process which is known as purinergic signaling (47, 52, 53) , however, an intracellular role of ENPP3 has not been elucidated. During its transport to the cell surface, newly synthesized ENPP3 is folded in the ER and then transported to the Golgi apparatus, where the catalytic domain of ENPP3 faces the lumen and would be predicted to catalyze the hydrolysis of nucleotide sugars. Indeed, the present study provided the first demonstration to show that ENPP3 catalyzes the hydrolysis of the nucleotide sugar UDP-GlcNAc in vitro (Fig. 4) , and also showed that the level of several intracellular nucleotide sugars including UDP-GlcNAc, UDP-GalNAc, CMP-NeuAc, GDP-Fuc, and UDP-GlcA are significantly increased by knocking down endogenous ENPP3 in N2a cells (Fig. 6 ). These findings strongly suggest that ENPP3 has an intracellular function in which it plays a role in modulating the level of intracellular nucleotide sugars possibly through its catalytic activity. We may say that the intracellular nucleotide sugars at least as indicated above are candidates for physiological substrates of ENPP3 although an additional in vitro examination will be needed in the future regarding nucleotide sugars other than UDP-GlcNAc.
There are many lines of evidence to indicate that the availability of intracellular nucleotide sugars regulates glycosyltransferase activities and controls the total cellular glycosylation profile (54) (55) (56) (57) (58) (59) . Thus, the ENPP3-mediated alteration of intracellular nucleotide sugar levels would modulate the activity of a broad-spectrum of glycosyltransferases and consequently alter the total cellular glycosylation profile. Indeed, in this study, we demonstrated that the ENPP3-KD N2a cells have the altered cellular glycosylation profiles compared to those for the control cells ( Fig. 7 and Table I ), conclusively indicating that ENPP3 is one of the regulatory factors for the glycan biosynthesis in vivo. We found that ENPP3 elicits a different action in each glycan, that is, some glycans are increased in the level and others are decreased by ENPP3 knocking down in N2a cells. With respect to the increase in the level of the glycans caused by ENPP3 knocking down, we think that this could be explained by the increase in the level of the intracellular nucleotide sugars and/or the reduction in the level of the inhibitory nucleotides such as UMP. On the other hand, two possibilities may be considered with regard to the decrease in the level of the glycans by ENPP3 knocking down. The first possibility is that the intracellular environment of N2a cells, that is, the predicted low level of the intracellular nucleotide sugars caused by ENPP3 could be originally disadvantageous to the glycosyltransferases with a high Km value for nucleotide sugars. In that milieu, the activity of the glycosyltransferases with a low Km value for nucleotide sugars would be expected to be high. When ENPP3 is knocked down in N2a cells, the resulting increase or amelioration in the level of the intracellular nucleotide sugars could become advantageous to the high-Km glycosyltransferases that could result in the relative reduction of the availability of the common nucleotide sugars for the low-Km glycosyltransferases and also in the reduction in the low-Km enzyme product glycans. The second possibility is that ENPP3 may have ability to modulate the glycosyltransferase gene expressions that results in the alterations of the repertoire of the glycosyltransferases and glycan structures expressed in the cells, though these issues remain to be examined in the future. Furthermore, additional experiments will be needed to uncover the full repertoire of the affected nucleotide sugars, glycosyltransferases, and glycan structures in the future.
The findings reported herein indicate that ENPP3 strongly inhibits GnT-IX but only negligibly inhibits GnT-V (Fig 1) and this result can be attributed to the marked difference in the Ki value for UMP, a hydrolysate of UDP-GlcNAc by ENPP3, between both enzymes, that is, the Ki value for GnT-V is 64-times higher than that for GnT-IX (Fig. 5) . These findings provide a way to rationalize the sensitivity of GnT-IX and V to the ENPP3-mediated inhibition in vitro. However, the in vivo ENPP3-mediated GnT-V inhibition is uncertain. Because the glycosyltransferase reaction in vitro was performed under extremely artificial conditions containing a large excess (20 mM) of the donor substrate UDP-GlcNAc, the level of the donor substrate was probably not decreased by ENPP3 to a level that it would strongly affects GnT-V activity, although GnT-IX was inhibited by the generated UMP even at low concentrations. On the other hand, for example, the intra-Golgi concentration of UDP-GlcNAc was calculated to be at least less than 1 mM (60, 61) . Thus, the possibility that the ENPP3-mediated reduction of the nucleotide-sugar donor substrates more potently affects to various glycosyltransferases in the Golgi apparatus cannot be excluded.
In order to fully establish the validity of this novel nucleotide sugar degradation system in the regulation of cellular glycosylation process, the detailed mechanism responsible for the ENPP3-mediated inhibition of glycosyltransferases and its molecular relevance to cellular functions need to be clarified in the future. Inhibition of GnT-IX (A) and V (B) activities caused by UMP and GlcNAc-1-phosphate (GlcNAc-1-P). Enzymatic activity was assayed at a fixed concentration of 2 mM UDP-GlcNAc and 25 µM acceptor substrate, GnM-S-NBD and GnGnbi-PA for GnT-IX and V, respectively. Competitive inhibition of GnT-IX (C) and V (D), respectively, caused by UMP. Data are shown in double-reciprocal plots. Enzymatic activity was assayed at a fixed concentration of 25 µM acceptor substrate as described above and various concentrations of UDP-GlcNAc. Ki values for UMP of GnT-IX and V are directly denoted in the panels. Apparent Km values for UDP-GlcNAc of GnT-IX and V estimated from the plots were 1.5 mM and 7.6 mM, respectively. All data are shown as the mean of duplicate measurements. A schematic representation of the ENPP3-mediated nucleotide sugar degradation system in the regulation of glycan biosynthesis is shown. ENPP3 is predicted to regulate the cellular glycosylation process potentially through the following two mechanisms. These include (1) ENPP3-catalyzed hydrolysis of the intracellular nucleotide sugars that would reduce the availability of the donor substrates for glycosyltransferases and act on the enzymes inhibitory; and (2) the inhibition of glycosyltransferases caused by a hydrolysate of nucleotide sugars by ENPP3 such as NMP (nucleoside monophosphate) which can be a potent inhibitor for certain kinds of glycosyltransferases with high sensitivity (low Ki value) toward it. P, phosphate.
Table I
Mass analysis of the representative PA-glycans which displayed characteristic changes in the expression level in the ENPP3-KD N2a cells. 
